The non-linear dynamic specificity of the firing pattern discharged from neurons of the internal globus pallidus (GPi) was investigated by recording their spontaneous firing using a microelectrode during posteroventral pallidotomy in eight patients with Parkinson's disease. Raw data from the cells were processed to extract spiking events (discharges above a selected threshold) and the interspike interval was measured. Using the unstable periodic orbits extraction method, significant period-1, -2 and -3 orbits were identified in burst firing discharged from the GPi cells in all eight patients, suggesting that deterministic dynamics exist in the timing of the discharges. As well as providing a useful peri-operative technique for locating posteroventral pallidotomy targets in Parkinson's disease, this method also provides a promising basis for investigating characteristic neuronal discharges in other regions of the brain and for various other neurological disorders.
Introduction
Parkinson's disease is a progressive neurodegenerative disorder involving dysfunction of the basal ganglia. When the supply of dopamine is depleted, the functions of the basal ganglia are disrupted and their ability to control movement deteriorates, leading to resting tremor, rigidity and bradykinesia, the major symptoms of the disease. Since 1996, posteroventral pallidotomy (PVP) has reemerged as a popular treatment for Parkinson's disease. 1,2 Intra-operative microelectrode recording is used to verify the anatomical location of the globus pallidus target, making the operation safer and more accurate. 3, 4 Microelectrode recording is widely used to study the electrophysiological characteristics of the neural system in both normal and pathological conditions and has become a powerful guidance tool in neurosurgery. The precise location and physiological condition of a particular brain target can be determined on the basis of specific electrophysiological characteristics. 5 -9 Many investigators have analysed neuronal firing by calculating the mean firing frequency and the percentage of firing within bursts, or the total spectral power of the full measured waveform. 10, 11 These methods, however, could not distinguish W Li, D Jia, J-L Wang et al. Neuronal discharge from pallidotomy targets firing of the internal globus pallidus (GPi) from that of other areas of the basal ganglion. An alternative that has been widely used in studies on neuronal firing in vitro is non-linear dynamic analysis. 12, 13 The Institute of Neurosurgery, Tangdu Hospital, Institute for Functional Brain Disorders, Fourth Military Medical University, has performed microelectrodeguided PVP in 1865 patients since 1998. 14 In the present study the non-linear dynamic characteristics of undertaking PVP using a method involving unstable periodic orbits extraction during stereotactic surgery of patients with Parkinson's disease were analysed. To our knowledge, this is the first application of this technique during the neurosurgical treatment of Parkinson's disease.
Patients and methods

PATIENTS
Patients
with advanced idiopathic Parkinson's disease and initially positive responses to levodopa were selected for microelectrode-guided PVP. All patients exhibited major complications related to chronic levodopa treatment, such as motor fluctuations and dyskinesia.
All patients gave informed verbal and written consent and the study was approved by the Ethics Committee of Xi'an Medical Association.
OPERATIVE PROCEDURE
Medication for Parkinson's disease was discontinued 6 h before surgery. A Cosman-Roberts-Wells frame (Radionics, Burlington, MA, USA) was placed on the patient's head as parallel as possible to the intercommissural plane. 15, 16 Computed tomography imaging was used for initial target localization and to identify the position of the anterior (AC) and posterior (PC) commissures. Physiological confirmation of the target was achieved with the aid of microelectrode recording and macrostimulation, as previously described, 17 -19 using a monopolar 1.3 × 2 mm tungsten microelectrode (Radionics) connected to a dynamoelectric microdrive electrode.
Briefly, the microelectrode was advanced via a guiding cannula and recordings made and displayed on an oscilloscope. If the first approach was judged satisfactory, no additional tracks were made; if not, exploration of two or more pathways was performed until the target was detected. The external globus pallidus, border cells, ansa lenticularis, optic tract and GPi were successively identified by microelectrode recording combined with spontaneous activity, kinesthetic activity and response to stroboscopic stimulation.
After successful confirmation of the target location by microelectrode recording and macrostimulation, lesions were created by heating the electrode to 84°C for 55 s. Three or four lesions were performed at 1.5 mm increments, starting at the target and moving superiorly towards the external part of the GPi.
All patients underwent magnetic resonance imaging (MRI) 4 months after the operation.
UNSTABLE PERIODIC ORBITS EXTRACTION
Raw recording data from GPi cells were processed to extract spiking events, defined as discharges above a threshold selected for each neuronal firing record, and the interspike interval (ISI) was then evaluated. Analysis was based on the assumption that a significant deterministic component exists within the seemingly noisy spiking discharge, and that the unstable periodic orbits (UPOs) can be used to characterize the W Li, D Jia, J-L Wang et al. Neuronal discharge from pallidotomy targets system's deterministic dynamics. A previously developed UPO extraction method was used. 20 -22 The first step of this method was to embed the ISI time series (ISI n ) into a delay embedded state space using a suitable embedding dimension (d) and time lag (τ) by creating a set of delay vectors (X n ) where X n = (ISI n , ISI n-τ , …ISI n -(d -1)τ ). 23 The reconstructed delay vectors were then transformed using observed local linear dynamics. The transformed vectors in this embedded state space with suitable embedding parameters are concentrated around the UPOs. Since biological systems have inherent non-stationarity associated with parameter changes that are reflected in changes in the UPO structure, the UPO structure would be expected to be detectable within ISI series in a short time-window. The analysis was performed on a data window with a short enough width to approximate stationary system states, yet long enough to accumulate good statistics. The UPO extraction procedure looks for peaks in the orbital density distribution of the transformed data. For discrete-time dynamics in a delay embedded state space, a period p orbit will comprise p individual points that are related to each other through cyclic symmetry. For example, when projecting the periodic orbits in a ddimensional delay embedded state space into a two-dimensional space, all period-1 orbits lie along the diagonal, all period-2 orbits are pairs of points with reflection symmetry across the diagonal, and all period-3 orbits are triplets of points with triangular symmetry. Using this symmetry, the UPO hierarchy can be identified from a two-dimensional histogram of the transformed orbit density distribution. Real experimental data sets, however, are usually contaminated by mixtures of dynamic and observational noise, which make the observed sharp peaks in the distribution of transformed data blur into broad maxima. Since sometimes 'noise' contamination of the raw record occurred at low discharging amplitudes, 4 mV was chosen as the discriminating threshold for spike events in order to be sure of obtaining an ISI series for a single unit with large discharging amplitudes. Amplitude-adjusted Fourier transform surrogates, 24 -26 which are a realization of a linear stochastic model of the data formed with the same amplitude distribution and approximately the same autocorrelation function as the original data, were used to assess the significance of the identified peaks; UPO structure would not be expected to exist in the surrogates. By using multiple realizations of the surrogate data and the statistics of extremes, 27 the probability that a peak observed from our data is statistically significant can be estimated. Observed UPOs were considered to be statistically significant only if the distribution densities of the transformed peaks were larger than 95% of the maximum peaks observed from 50 surrogate sets.
Results
A total of eight patients (five men and three women) with a mean age of 55.36 years (range 49 -67 years) with advanced Parkinson's disease were included in the study. Microelectrode-guided PVP was undertaken; the right hemisphere was operated on in five patients and the left hemisphere in the remaining three patients. Two of the patients underwent PVP twice within a year, once on each hemisphere, thereby resulting in 10 discharge records from 10 GPi targets. The mean position of the target was 3 mm in front of the midcommissural point, 19 mm lateral to the mid-sagittal plane and 5.5 mm below the 
ANALYSIS OF NEURONAL DISCHARGE PATTERNS
Post-operative MRI scans were used to confirm the location of the final targets and the 10 discharging records from the 10 GPi targets were analysed using the UPO extraction method.
The rhythm of the discharging behaviours was irregular, with a frequency typically between 15 and 65 Hz, ISIs 4 -250 ms long and no bursting (Fig. 1) . For UPO analysis, ISI series in the typical range (4 -250 ms) were used and a total of 128 sequential ISI data points within a relatively stationary piece of the ISI series were chosen for the FIGURE 1: Typical example of raw data microelectrode recordings from a discharging internal globus pallidus cell during target location for posteroventral pallidotomy: (A) signal filtered at 200 -3000 Hz and sampled at 12 000 Hz; (B) a segment without any discharge activity -the level of baseline is about -8 mV and there is no temporal structure; and (C) a subset of a raw data recording with spiking activity (4 mV was chosen as the discriminating threshold for spike events in order to eliminate 'noise' contamination from spikes with a lower amplitude) Fig. 2A) . The return map of this series had no obvious structure (Fig. 2B) . The optimal parameters of embedding dimension d = 3 and time lag τ = 1 were used for UPO analysis. In this particular data set, one highly significant period-1 orbit (Fig.  2C) , a pair of significant period-2 orbits with reflection symmetry (Fig. 2D) and three significant period-3 orbits were found ( Fig.  2E) . These orbits formed a complex but predictable skeleton in which the dynamics of the spiking was deterministic.
All 10 data sets had significant UPOs, with 100% showing significant period-1 orbits, 80% showing significant period-2 orbits and 90% showing significant period-3 orbits.
Discussion
The present study seems to indicate that a high frequency of firings discharging from a target GPi cell implies optimal lesion placement and predicts a better surgical outcome in patients with Parkinson's disease undergoing microelectrode-guided PVP. On the other hand, it has been reported that there is little difference between the outcomes of patients undergoing PVP with or without microelectrode guidance. 28 In our opinion, however, intra-operative microelectrode recording has an important role to play in the location and validation of effectual targets for PVP because the firing recorded by the microelectrode originates Neuronal discharge from pallidotomy targets from a single cell, making it far more precise in locating the target than macroelectrode stimulation, which can only define a threedimensional area at least 2 mm in diameter.
Identification of the firing discharged from GPi cells has generally relied on the experience of the neurosurgeon making it difficult for this procedure to be standardized for general use. The UPO extraction method, however, seems to provide a more reliable and precise way to locate targets for PVP. In the present study, analysis of the signal of firings discharging from GPi neurons using the UPO extraction method demonstrated the underlying non-linear dynamics characteristic of these targets, which can be used to locate the GPi target effectively. With this method, the discharged signal could be analysed in order clearly to identify the PVP target, rather than relying on more subjective judgements made on the basis of listening to the noise or looking at the pattern of neuronal firing.
Studying neuronal electrical activity can provide insight into complicated neural network mechanisms. In the present study, the UPO extraction method showed that all the data sets had statistically significant unstable period-1, -2 and -3 orbits, which suggests the existence of deterministic dynamics that can be used for identification of single PVP target neurons in patients with Parkinson's disease. This study may, therefore, help in elucidating the mechanism of rigidity caused by synchronized network bursts and may help in demonstrating the chaos-synchronization discharges that probably evoke basal ganglia disorders such as Parkinson's disease, leading to new therapies for neurological disorders. As well as providing a useful peri-operative technique for locating PVP targets, these results could also act as a promising basis for investigating characteristic neuronal discharges in other regions of the brain and for other neurological disorders.
